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The phase transitions and phase diagram of MnP in the presence of a magnetic field H parallel to
the a axis were investigated with the use of differential susceptibility, magnetostriction, thermal ex-
pansion, magnetization, and ultrasonic measurements. Three ordered phases were observed. One is
the ferromagnetic phase. The other two are tentatively identified as fan and cone phases. The
disordered (paramagnetic) phase, and the ferromagnetic and fan phases, meet at the paramagnetic-
ferromagnetic-fan (PFF) triple point, located at 7,=121 K and H=51 kOe. The phase diagram
near this triple point has a striking similarity to that near the corresponding point in the phase dia-
gram for ﬁ| |b. The fan-paramagnetic and ferromagnetic-paramagnetic transitions are of second or-
der, but the ferromagnetic-fan transitions are of first order. The qualitative features of the phase
diagram near the PFF triple point and the crossover exponent ¢=0.64+0.02 are consistent with
those expected for a Lifshitz point. The cone, ferromagnetic, and fan phases meet at another triple
point, located at T~60 K and H=41 kOe. The ferromagnetic-cone transitions are of first order.
The cone-fan transitions are weakly first order at high temperatures, but there is an uncertainty
concerning the order of these transitions at low temperatures. An anomaly in the magnetostriction
and differential susceptibility was observed at low magnetic fields (several kOe). This anomaly is at-
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tributed to imperfections of the crystals.

I. INTRODUCTION

Manganese phosphide exhibits several magnetic phases
and a variety of phase transitior~. The structures of the
magnetic phases, and the phase transitions, have been the
subjects of many experimental investigations in the last
two decades.! The interest in MnP increased considerably
in the last three years after strong evidence for the ex-
istence of a Lifshitz point (LP) in this material was
found.2~7 In the present paper we report on measure-
ments of the phase transitions and the phase diagram
when the magnetic field His parallel to the hard magneti-
zation direction. Transitions for this field direction were
not studied previously. The two main points of the
present work are (1) it appears that a LP also exists when
His parallel to the hard-magnetization direction, and (2) a
new phase boundary is observed and is interpreted as the
line separating a cone phase from a fan phase. A prelimi-
nary report was published previously.®

MnP has an orthorhombic structure. Here we make the
usual (but not universal) choice for the axes of the
orthorhombic unit cell, namely, a >b >c. The available
information concerning the magnetic properties of MnP
was summarized in recent publications by our group®’
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and in two earlier papers.”!® Below we repeat only the
main relevant facts.

At zero magnetic field, MnP exhibits two magnetically
ordered phases: ferromagnetic and screw. When the ma-
terial is cooled from high temperatures, it first becomes
ferromagnetic at the Curie temperature T¢c=291 K, but
on further cooling through T,~46 K, a screw phase is
formed. The paramagnetic to ferromagnetic (para-ferro)
transition at T is of second order, whereas the ferro-
screw transition at T, is of first order. The value of T,
depends slightly on sample purity.!! In the ferro phase
the magnetic moment is along the ¢ axis, which is the easy
direction. The b and a directions are the medium- and
hard-magnetization directions, respectively. The magnetic
structure of the screw phase is that of a spiral, with a
propagation vector q along a, and with the moments ro-
tating in the c¢-b plane (easy-medium plane). The period is
approximately 9 lattice spacings.'?

The magnetic behavior in the presence of a magnetic
field H along the ¢ axis (easy-magnetization axis) was first
measured by Huber and Ridgley.!*> The main feature is a
field-induced first-order transition from the screw phase
to the ferro phase. The magnetic field at the transition
decreases continuously from approximately 2.3 kOe at
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helium temperatures to zero at T',.

The phase diagram when His parallel to the b axis was
measured by Komatsubara et al.,’ and more carefully by
our group.”® Figure 1, taken from Ref. 3, shows the glo-
bal phase diagram for this field direction. An important
feature is the existence of a fan phase, which is a modulat-
ed phase with a propagation vector g parallel to a.'* The
moments in the fan phase are in the b-¢ plane, and they
oscillate about the b direction (which is also the direction
of H). The screw-fan, screw-ferro, and ferro-fan transi-
tions are all of first order, but the ferro-para and fan-para
transitions are of second order. Much of the recent in-
terest in MnP centers on the point where the para, ferro,
and fan phases meet. The available evidence?~ is that
this point is a LP. The concept of the LP was introduced
theoretically by Hornreich, Luban, and Shtrikman.!> The
extensive theoretical work concerning this multicritical
point was reviewed by Hornreich.!® The data on MnP
provide the strongest evidence to date for the existence of
a LP in a real material.

A detailed microscopic theory for the magnetic
behavior of MnP is not available at present. A model
which is often used was introduced by Hiyamizu and
Nagamiya.!® In this model the modulated phases (screw
and fan) arise from a competition between effective fer-
romagnetic and antiferromagnetic exchange interactions.
There is experimental evidence that the strength of the an-
tiferromagnetic interaction decreases slightly as the tem-
perature T is raised, and that this decrease is sufficient to
make the ferro phase the stable ordered phase at high tem-
peratures.!” This phenomenological interpretation of the
magnetic behavior of MnP was also used to explain the
existence of a LP in the configuration H||6.>3~7 The
simplest theoretical models for the LP are the R-S and
anisotropic next-nearest-neighbor Ising models
(ANNND.'®" In these models there are two competing
exchange interactions, with constants J; and J,. A mea-
sure of the competition is the ratio k=J,/J;. The LP
occurs when « passes through the special value k;. In the
mean-field theory «;=—0.25. Treatments which go
beyond mean-field theory lead to slightly different values
for ;. The available experimental data for the effective
exchange constants in MnP (Ref. 17) indicate that the pa-
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FIG. 1. Global phase diagram of MnP with the applied mag-
netic field Hy parallel to the b direction (after Ref. 3).

rameter « (or its generalization to more than two exchange
constants) is indeed close to k;. Moreover, k changes
slowly with 7" and it passes through —0.25 at a tempera-
ture which is close to that of the para-ferro-fan triple
point.

This paper is arranged as follows. In Sec. II we
describe the experimental techniques. In Sec. III the glo-
bal phase diagram for the configuration ﬁl |a is presented
and the gross features of this diagram are interpreted. In
Sec. IV detailed data for the boundary between the ferro
phase and the para phase are presented. The fan-ferro and
fan-para boundaries are described in Sec. V. The new
multicritical point (believed to be a LP) is discussed in
Sec. VI. Section VII is devoted to the boundaries which
surround the cone phase. In Sec. VIII we describe some
anomalies which were observed at low H and which are
attributed to imperfections of the samples. Suggestions
for further studies are outlined in Sec. IX.

II. EXPERIMENTAL TECHNIQUES
A. Samples

Three samples were used in the present work. Two of
these, which will be called A1 and A2, were also used in
the earlier work by our group.>® They were cut from a
crystal which was grown at the Lincoln Laboratory, Mas-
sachusetts Institute of Technology (MIT) more than a de-
cade ago. The third sample, called sample B, was ob-
tained from Dr. B. Golding of the Bell Telephone Labora-
tories. X-ray examinations showed that the samples were
single crystals. However, as discussed in Sec. VIII, there
is some evidence from magnetic measurements that each
of the samples contained small regions which were
misoriented relative to the bulk of the sample. The
volume fraction occupied by these misoriented regions
was ~ 1% for samples A1 and A2, and smaller for sample
B. All samples were rectangular parallelepipeds, with
faces parallel to the a, b, and ¢ planes. The linear dimen-
sions of the samples were as follows. For sample Al,
l;=4.0 mm, [,=3.0 mm, and /,=0.5 mm. For sample
A2, 1,=0.97 mm, l,=2.67 mm, and /,=0.84 mm. For
sample B, /,=5.7 mm, [, =10.3 mm, and /, =7.0 mm.

The experiments reported here were conducted in
several stages. In the first, the global phase diagram for
ﬁ||a was determined using sample A2. Later, more de-
tailed measurements of the phase boundaries were made
on samples A2 and B. In the final stage, very detailed and
accurate data were taken for the most interesting regions
of the phase diagram. This final stage was carried out us-
ing sample Al, which had the most favorable shape
(smallest demagnetization effects).

B. Differential susceptibility

The differential susceptibility OM /0H, where M is the
magnetization, was measured using ac modulation tech-
niques. The modulation field was parallel to the applied
dc field I_-io. The susceptibility data were taken in two dif-
ferent laboratories using somewhat different arrange-
ments. In both arrangements there was a primary coil
which produced the modulation field, and two pickup
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coils wound in opposition which served as the secondary.
The sample was placed at the center of one of the pickup
coils. In the arrangement at MIT the imbalance signal
from the secondary was detected by a lock-in amplifier,
and was measured as a function of H at a constant tem-
perature T. The phase of the lock-in amplifier was set to
detect the in-phase component of the signal, correspond-
ing to the real part of the susceptibility X =X'—iX"'. Fre-
quencies of 70—200 Hz and a modulation amplitude of 10
Oe were used with this setup. The temperature control
was similar to that described in Sec. III C of Ref. 3, except
that the copper cans were replaced by brass cans. Tem-
peratures were measured with a platinum thermometer
which was read at Hy,=0 before and after each trace, and
also during the trace. The readings in the presence of a
field were corrected for the magnetoresistance of the ther-
mometer. The accuracy of the temperature measurements
with this setup was 0.2 K above 50 K, 0.4 K near 40 K,
and 2 K near 25 K.

At the University of Sao Paulo the susceptibility was
measured with a mutual inductance bridge, similar to that
described by Maxwell.? Frequencies between 20 and 2000
Hz, and a modulation amplitude of order 1 Oe, were used.
The imbalance signal from the bridge was measured using
a two-phase lock-in amplifier. When the lock-in amplifier
was properly tuned, it gave both the in-phase component
(X') and quadrature component (X'') of the susceptibility.
The susceptibility was measured as a function of H, at a
constant 7. The temperature-control system was similar
to that described in Sec. III B 1 of Ref. 3. The only differ-
ence was that the Allen-Bradley carbon resistor used in
the feedback loop which controlled the temperature was
moved from the center of the magnet to a region of low
fields. Temperatures between 70 and 150 K were mea-
sured to an accuracy of 0.05 K using a platinum ther-
mometer. (The magnetoresistance of this thermometer
was measured, and was included in the data analysis.)
Temperatures between 4 and 70 K were measured using a
carbon-resistance thermometer, or a platinum thermome-
ter, or both. The accuracy in this temperature range was
always better than 1 K.

C. Magnetostriction, magnetization,
and ultrasonic attenuation

Magnetostriction (MS) and thermal-expansion (TE)
measurements were made using the system described in
Ref. 3. All the MS measurements were in the longitudinal
configuration. That is, the variation of the sample’s
length [ along the a direction (parallel to I_-io) was mea-
sured as a function of H, at a constant 7. The tempera-
ture in the TE and MS measurements was determined to
an accuracy of better than 0.1 K.

Magnetization measurements were performed using a
vibrating-sample magnetometer. Data were taken only at
4.2 and 77 K with the sample immersed in liquid helium
and liquid nitrogen, respectively.

The ultrasonic attenuation measurements were made
only on sample B. (The other two samples were rather
small for ultrasonic work.) A pulse-echo technique was
used. The longitudinal sound waves were produced and

detected by the same X-cut quartz transducer. The system
for temperature control and measurement was identical to
the one used in the MS measurements.

D. Magnetic fields and demagnetization correction

Magnetic fields were produced by Nb-Ti superconduct-
ing magnets. The applied magnetic field was known to an
accuracy of better than 0.25%.

In magnetic materials it is necessary to distinguish be-
tween the applied magnetic field f—io and the internal mag-
netic field H. The difference between the two fields is
caused by the demagnetization of the sample. This subject
is reviewed in Ref. 3. For an ellipsoidal sample, one may
correct for the demagnetization by using the relation

H=H,—NM , (1)

where N is the demagnetizing factor. When the sample is
not ellipsoidal the situation is more complicated. Howev-
er, if the demagnetization correction is small, one can still
obtain a fairly accurate estimate for H by using Eq. (1)
and an effective demagnetizing factor which is estimated
from the shape of the sample. This procedure is reason-
ably accurate for obtaining the internal fields at the transi-
tions of MnP in the configuration H| |a, because M /H is
between 0.6% and 1.3%.

In presenting our data we shall always use the applied
field H, rather than the internal field H. Estimates for
the ratio H/H, will be given in several places. They are
based on the estimates N,~1 for sample A1 with I_-i||a,
and N,~5 for both samples A2 and B (see Ref. 21). The
errors in the estimates for H /H , are expected to be small-
er than 1% for sample A1, and smaller than 2% for the
other two samples.

E. Field alignment

Accurate alignment of the magnetic field is very impor-
tant in measurements of the phase diagram for H||a. The
phase boundaries separating the disordered (paramagnetic)
phase from the ordered phases are particularly sensitive to
field misalignment. Some of the reasons for this sensitivi-
ty were discussed in our earlier work on the phase transi-

tions for H nearly parallel to the b axis (see Sec. VI of
Ref. 3). There we focused on the effects produced by a
nonzero ¢ component of H. Similar effects due to a small
nonzero ¢ component should also occur when His nearly
parallel to a. In addition, because of the anisotropy in the
a-b plane, the transition fields are influenced by a
misalignment of H in this plane.

In order to align the magnetic field accurately, the tran-
sition between the paramagnetic and fan phases (discussed
later) was monitored at a fixed temperature near 80 K.
Accurate field alignment led to the sharpest transition and
highest transition field. In the experiments on samples A2
and B the direction of H relative to the sample was
changed by tipping the sample holder. The alignment
achieved with this method was estimated to be better than
0.5°. A more refined method was used in the experiments
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on sample Al. Here, the sample’s orientation was fixed,
but the direction of H was changed by tipping the super-
conducting magnet. The tipping mechanism is described
in Ref. 22. An alignment which was better than 0.1° was
achieved in these experiments.

III. GLOBAL PHASE DIAGRAM

The purpose of this section is to give an overview of the
phase diagram for f:IHa. A more detailed discussion of
the various phase transitions and phase boundaries is
given in subsequent sections.

The global phase diagram for H||a was determined
from susceptibility measurements and from TE and MS
data, all carried out on sample A2. The results are shown
in Fig. 2. There are three ordered phases in addition to
the disordered (paramagnetic) phase. Among the three or-
dered phases only the ferro phase can be identified with
certainty. This identification is based on earlier results
which established that the magnetic order at zero field
and for T, < T < T is ferromagnetic.

The magnetic structures of the other two ordered
phases have not been determined as yet by neutron dif-
fraction. Nevertheless, we feel reasonably confident that
the magnetic structure of these two phases are those of a
cone and a fan. The reasoning behind these tentative iden-
tifications is the following. It is known that at zero field
and for T < T, the magnetic structure is that of spiral
with the moments rotating in the plane perpendicular to
the a axis. When a weak magnetic field is applied along a
the moments are expected to tip toward the direction of
ﬁ, so that the structure becomes that of a cone, with its
axis and propagation vector ¢ both parallel to a. The
magnitude of ¢ may vary with H. The identification of
the fan phase is based on the striking similarity between
Fig. 2 for H||a and Fig. 1 for f—illb We expect that the
fan phase for H||a has the following structure: (1) The
propagation vector { is parallel to @, and (2) the moments
oscillate about the a axis (which is also the direction of
H), remaining always in the a-c plane (which is the plane

containing H and the easy axis).
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FIG. 2. Global phase diagram for H, parallel to the a direc-
tion. Data are for sample A2.
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The magnetic structures of MnP in the presence of a
field along a have not been calculated thus far. However,
there do exist calculations by Kitano and Nagamiya for
somewhat similar situations.”> Our preceding identifica-
tions of the cone and fan phases are in line with these
available calculations.

Figure 3 shows our picture for the evolution of the
magnetic structure of MnP for T <T,. This picture is
based on results of Kitano and Nagamiya for a similar sit-
uation. It shows the sequence spiral — cone — fan —
para for a monotonically increasing magnetic field. Con-
sider the cone phase. From the work of Kitano and
Nagamiya we expect that the cone is an elliptical cone and
not a circular cone. That is, the amplitude m, of the os-
cillating ¢ component of the magnetization (along the easy
direction) is larger than the amplitude m; of the oscillat-
ing b component (along the medium anisotropy direc-
tion).?* Both amplitudes decrease with increasing H, but
my, decreases faster than m,. In the fan phase, m;, =0, but
m.50. In the para phase, m. =m;, =0, i.e., the magneti-
zation is uniform and is parallel to a.

The cone-to-fan transition occurs when m, becomes
equal to zero. In principle, the transition may be either of
first order or second order. That is, m;, may jump from a
finite value in the cone phase to zero in the fan phase, or
it may go to zero continuously. The case of a second-
order transition was considered by Kitano and Nagamiya.
Here, we include the possibility of a first-order transition
because our data for temperatures above approximately 15
K suggest that at these temperatures the cone-fan transi-
tion is weakly first order. For temperatures below 15 K
or so, our data indicate that the transition is either of
second order or is very weakly first order. This will be
discussed in Sec. VII.

The fan-para transition is observed to be of second or-
der. This transition occurs because in the fan phase the
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amplitude m, of the oscillating ¢ component of the mag-
netization decreases with increasing H, so that, ultimately,
a transition to a para phase with m_, =0 takes place.

At temperatures above approximately 121 K, a transi-
tion from the ferro phase to the para phase takes place.
This transition is observed to be of second order. The
transition occurs because in the ferro phase the moments
tip toward Has H increases, so that ultimately the mo-
ments become parallel to H. The ferro — para transition
corresponds, therefore, to the vanishing of the uniform ¢
component of the magnetization of the ferro phase. This
magnetization component is the order parameter for the
transition. The ferro-para transition is expected to be
Ising-like. The ferro-fan and ferro-cone transitions are
observed to be of first order.

In concluding this discussion of the overall phase dia-
gram we wish to emphasize again that our identifications
of the cone and fan phases are tentative because no
neutron-diffraction data for these phases are available.
Thus although we shall continue to use the names “cone”
and “fan,” some uncertainty regarding the proper identifi-
cation of these two phases still remains.

IV. FERRO-PARA PHASE BOUNDARY

The ferro-para phase boundary was determined from
measurements of dM /3H, for sample A2 and from mea-
surements of the ultrasonic attenuation in sample B. In
the latter case, 23- and 75-MHz longitudinal sound waves
with a propagation vector along a were used. In both
types of measurements the ferro-para transition appeared
as a A peak of the signal versus H at a constant 7. The A
peak became less pronounced as T decreased. This is il-
lustrated by the lowest four curves in Fig. 4. In the case
of the susceptibility data, dM /0H vs H,, the transition
field was chosen at the intersection of the two tangents
drawn at the inflection points on both sides of the peak
(see inset in Fig. 4). This choice was motivated by the fact
that the susceptibility peaks at the lowest temperatures
were small and slightly rounded. On the other hand, the
ultrasonic attenuation peaks were always quite sharp and
the transition field was chosen at the maximum of the at-
tenuation.

The Curie temperature of sample B was determined
from the A peak of the ultrasonic attenuation versus T at
Hy=0. This gave T¢=290.7+0.2 K. The Curie tem-
perature of sample A2 was not measured, but earlier data
onsa sample from the same single crystal gave T-=291
K.

Figure 5 shows the portion of the ferro-para phase
boundary above 200 K. The applied magnetic field at the
transition will be designated as Hgy,. The demagnetization
correction for the results in Fig. 5 is estimated as follows.
The susceptibility X, for H||a is 13X 10~> emu/cm® near
T¢, and 8X107% emu/cm® at 100 K.!* We assume a
smooth variation of X, between these two temperatures,
and use Eq. (1) and the estimate N,~5 for both samples
A2 and B. The ratio H, /H(, between the internal and
applied fields at the transition then varies between 0.94
near T¢ and 0.95 near 200 K.

The existence of a H-induced second-order transition
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FIG. 4. Traces of the differential susceptibility dM /dH, of
sample A2 as a function of Hy. Various traces were displaced
relative to each other in the vertical direction. Lowest four
traces show the ferro-para transition. Top trace shows the
ferro-fan transition (spike) and the fan-para transition (shoul-
der). Inset shows the manner in which the transition field was
chosen when the transition was of second order.

from the ferro phase to the para phase is expected from
the theory for anisotropic ferromagnets.>?%2’ Such a
transition was studied earlier in NiZrF4-6H,O (Ref. 28).
The expected critical behavior and the scaling axes for the
ferro-para transition were discussed previously for the
configuration H||b.> The present case, for H||a, is com-
pletely analogous. A comparison between Figs. 1 and 2
shows that at a given T the ferro-para transition for H||a
occurs at a higher field than for H||b. This is expected
from the different anisotropies associated with these direc-
tions.
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FIG. 5. High-temperature portion of the ferro-para phase
boundary as determined from ac susceptibility data on sample
A2 and ultrasonic attenuation data on sample B.
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V. FERRO-FAN AND FAN-PARA BOUNDARIES

The ferro-fan and fan-para phase boundaries were ini-
tially determined from measurements on samples A2 and
B with the magnetic field aligned to within 0.5° from the
a axis. Later, a more careful investigation was carried out
using sample A1 with the field aligned to better than 0.1°.
The demagnetizing factor for sample A1 (N,~1) was also
more favorable than for the other two samples (N,~5).
We begin by describing the results for samples A2 and B.

Phase transitions in sample A2 were investigated using
differential susceptibility and MS measurements. Transi-
tions in sample B were studied only by the MS technique.
An example of the behavior of the susceptibility near the
ferro-fan and fan-para transitions is the top curve in Fig.
4 for 101.3 K. The ferro-fan transition is marked by a
sharp spike in OM /3H,. The fan-para transition is asso-
ciated with a “shoulder” in the susceptibility curve. The
transition field was chosen in the manner indicated by the
inset in Fig. 4.

The MS measurements in samples A2 and B gave very
similar results. These are illustrated by the data in Fig.
6(a). Here, Al is the change in the length of the sample
along the a direction. The ferro-fan transition (which is
of first order) is associated with an abrupt jump 8!/ in the
length /. For the example shown in Fig. 6(a) the magni-
tude of the abrupt jump is 8///~8x 1075, The fan-para
transition is accompanied by an anomaly in the slope of
the MS curve.

To obtain the transition fields from the MS data it is
preferable to focus on the derivative 0/ /0H|, rather than
on the raw data for / vs H,. This is discussed in Ref. 3.
A first-order transition is marked by a positive or a nega-
tive spike in 8//0H,. This corresponds to an abrupt
change in /. A second-order transition is accompanied by
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FIG. 6. MS and differential MS at 70.1 K. (a) Trace of the
longitudinal MS. Sample’s length / along the @ direction (7']|8)
is measured with H, also along the a direction. Al is the change

of I. (b) The derivative d//dH, obtained by a numerical dif-
ferentiation on the data in (a).
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a A anomaly in d//0H,. In some cases the A anomaly
resembles a step. This occurs when the critical fluctua-
tions are weak, or when the internal magnetic field is not
uniform (which broadens the A anomaly).

Figure 6(b) shows the derivative 3/ /0H obtained by a
numerical differentiation of the data in Fig. 6(a). The
negative spike at the ferro-fan transition is clear. The
fan-para transition appears to be associated with a small
step in 8/ /0H,. However, an expanded view of the varia-
tion of 0//dH, near the fan-para transition shows that
what appears to be a small step in Fig. 6(b) is actually a A
anomaly. This is shown in Fig. 7. The transition field
was chosen in the manner indicated in the inset of Fig. 4.

The ferro-fan and fan-para transitions on sample A2
were also investigated by magnetization measurements,
but only at 77 K. The results are shown in Fig. 8. As this
trace shows, the ferro-fan transition at 47 kOe is accom-
panied by a sharp, but small, change of the magnetization
M. The fan-para transition at 64 kOe is accompanied by
an anomaly in the slope of the magnetization curve.
These results are consistent with the susceptibility data.

The high-T portions of the phase boundaries which sur-
round the fan phase are shown in Fig. 9. These data are
for sample A2. The results for sample B are in good
agreement with those in Fig. 9. The applied magnetic
fields at the ferro-fan and fan-para transitions will be
designated as Hy, and H§,, respectively. The demagneti-
zation correction for the data in Fig. 9 was estimated
from the susceptibility data in Ref. 13 using N,~5. The
result is that the internal fields at the transitions, H; and
H?Y, are 4% lower than the corresponding applied fields
H 01 and H 3}.'

We now turn to the more refined measurements which
were carried out on sample A1l. Examples of susceptibili-
ty data on this sample are shown in Figs. 10 and 11. One
difference between these data and those taken on sample
A2 (see the top curve in Fig. 4) is that the fan-para transi-
tion is accompanied by a clear A peak in OM /3H,. This
is attributed to the more favorable shape of sample Al,
which led to a more uniform internal magnetic field H,
and possibly also to the better field alignment. The ferro-
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FIG. 7. Expanded view of that portion of Fig. 6(b) which is
near the fan-para transitions.
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fan transition field Hy, was taken at the maximum of the
sharp susceptibility spike, as before. For the fan-para
transition field H, two choices were made: Either at the
maximum of the peak (indicated by arrow 1 in Fig. 11), or
at the intersection of the two tangents drawn at the inflec-
tion points (arrow 2 in Fig. 11). The difference between
these two choices was quite small, amounting to no more
than ~0.1 kOe. For reasons which will be discussed
later, we prefer the first choice for H{, (at the maximum
of the peak) over the second. Figure 12 shows the phase
diagram for sample A1 obtained with this choice for Hg,
and a similar choice for the ferro-para transition field
Hy,. The temperatures for this set of data are accurate to
better than 0.05 K. Estimates of the demagnetization
corrections indicate that the internal fields at the various
transitions are 1% lower than the applied fields shown in
Fig. 12.
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FIG. 9. Phase diagram near the PFF triple point. Data are
for sample A2.
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FIG. 10. Trace of dM /dH, for sample Al as a function of
applied field H,. Sharp spike and the A anomaly correspond to
the ferro-fan and fan-para transitions, respectively.

VI. PARA-FERRO-FAN TRIPLE POINT

A. Qualitative features which agree with a LP

The para, ferro, and fan (PFF) phases meet at the PFF
triple point, located at T=T, and Hy=H,. The corre-
sponding internal magnetic field is H,. From the results
for sample A2 (Fig. 9) it is estimated that T,=123+3 K
and Hy, =53 kOe. Using the latter value and the demag-
netization correction, we obtain H, =51 kOe. From fits of
the more accurate data for sample A1 (discussed later) we
obtain T, =120.7%0.4 K. For this sample Hy,=51.5 kOe
and H, =51 kOe.

Assuming that the magnetic structure of the fan phase
is indeed that of a fan, the PFF triple point is a meeting
point of a disordered phase (para), an ordered phase with a
uniform magnetization (ferro), and a modulated phase
(fan). This is one of the basic requirements for the
Lifshitz point introduced by Hornreich et al.'> Thus, it is
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FIG. 11. Trace of dM /dH, vs H, for sample Al. Two ar-
rows, marked by 1 and 2, indicate two choices for the fan-para
transition field.
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FIG. 12. Phase diagram near the PFF triple point. Data are
for sample A1.

possible that the PFF triple point in the configuration
ﬁ! |a is a LP. Some support for this conjecture is given by
the striking similarity of the phase diagram near this PFF
triple point (Figs. 2, 9, and 12) and that near the PFF tri-
ple point in the configuration H||b (Fig. 1). There is a
strong evidence that the latter triple point is a LP.2~7

If the PFF triple point for fl| |a is a LP, then it should
belong to the universality class d =3,n =m =1. Here, d
and n are the lattice and spin dimensionalities, respective-
ly, and m is the number of components of q in the modu-
lated phase. The reasons for this assignment are the
ferro-para transition is Ising-like (n =1), and q in the fan
phase is expected to be parallel to a (m =1).

The phase boundaries for a LP with d =3,n =m =1
were calculated by several authors.!®1%2%30 From these
calculations one expects that all the phase boundaries will
be tangent to each other at the LP, and that the A line
(separating the para phase from the ordered phases) will
have an inflection point at the LP. Also, from a Landau-
type calculation®® one expects the ferro-fan transition to
be of first order. The PFF triple point for H||a has all
these features.

B. Crossover exponent

The analysis of the phase boundaries near the PFF tri-
ple point follows closely the procedure described in Ref. 3.
Briefly, we assume that the PFF triple point is a multicrit-
ical point which obeys generalized scaling. Under this as-
sumption the shapes of the phase boundaries near (7;,H,)
should be governed by a crossover exponent ¢. To obtain
¢, two scaling axes in the 7-H plane are introduced. One
axis is tangent to the phase boundaries at the multicritical
point. The other axis is chosen to be parallel to the H
axis. From the scaling assumption it then follows that
near the multicritical point,

H5—H,=A(T,—-T)"?, @)

where H} and H, are measured at the same T, and 4 is a
constant. The derivation of Eq. (2) does not require the
multicritical point to be a LP.

In comparing the data with Eq. (2) we used the applied
fields H§) and Hy, rather than the internal fields H} and
H,. This is justified later. The data which were com-
pared with Eq. (2) were obtained with sample A1l. (These
are more accurate than those for sample A2.) We used
two sets of such data. The first, shown in Fig. 12, was
based on the choice of Hf, at the maximum of the dif-
ferential susceptibility. This is choice 1 in Fig. 11. The
second set of data was based on choice 2 in Fig. 11. The
first set of data included pairs of H{, and Hy,; at tempera-
tures up to Ty=116.2 K, which was the highest tempera-
ture at which the susceptibility peak at the fan-para tran-
sition was resolved. For the second set of data the highest
temperature was 7,=118.9 K. It is noteworthy that al-
though the two choices for Hj, always differed by less
than ~0.1 kOe, this difference was not always negligible
compared to Hy, —Hy;. Thus the difference between the
two values for Hg, was 2% of Hy, —Hy; at 99.9 K, 6%
at 110.5 K, and 19% at 115.5 K.

Several least-squares fits were made for each of the two
sets of data. In any particular fit, only data points in the
range T; <T < Ty were included. The initial temperature
T; varied from fit to fit, but the final temperature T, was
kept fixed (i.e., 116.2 K for the first set of data and 118.9
K for the second). The purpose of this procedure was to
obtain the dependence of the fitting parameters ¢, T,, and
A on the range of the fit. Figure 13 shows the results for
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FIG. 13. Results for the temperature 7, of the PFF triple
point, and for the crossover exponent ¢, as obtained from fits of
the data for sample A1 to Eq. (2). The temperature T specifies
the range which is covered in a particular fit (see text). Solid
and empty circles correspond to two choices for the fan-para
transition field (see Fig. 11).
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¢ and T, obtained with several T;’s between 80 and 110 K.
For the set of data which was based on choice 1 (i.e., Hpy,
at the maximum of the differential susceptibility) the
values of ¢ and T, do not show a strong systematic depen-
dence on the range of the fit. However, for the second set
of data, ¢ decreases and 7T, increases when the initial tem-
perature of the fit is increased. For this reason we regard
choice 1 as more satisfactory. This choice is also con-
sistent with the usual criterion for a second-order magnet-
ic transition when the differential susceptibility peak is
sharp. The reason that choice 2 was also used in the
present work is the following. When the peak in M /0H
is rounded, or is very small, it is difficult to determine the
transition field accurately. Under such circumstances, one
practical method of obtaining an estimate for the transi-
tion field is to use choice 2.

Based on the results in Fig. 13 for choice 1, we estimate
that ¢=0.64+0.02 and T,=120.7+0.4 K. Mean-field
theory for the LP gives ¢=0.5, which is lower than our
experimental result. However, a calculation to first order
in € for a LP with d =3,n =m =1, gives $=0.625 (Ref.
30), which is in agreement with our result for ¢. The
value of T, is identical, within the experimental accuracy,
with the temperature of the PFF triple point for H||5.}

We now consider the errors caused by the replacement
of the internal magnetic fields in Eq. (2) by the applied
fields at the transitions. The demagnetization correction
for Hpy, —H, depends on the average susceptibility
AM /AH between the middle of the ferro-fan transition
and the fan-para transition. On the basis of Figs. 8, 10,
and 11 we expect that for a given T this average suscepti-
bility is lower than the low-H susceptlblhty The low-H
susceptibility in this temperature range is ~8X 10~3
emu/cm’® (Ref. 13). Using N,~1 for sample Al, we
therefore estimate that the difference between H BA—H o1
and H} —H, is less than 1%. This small difference, how-
ever, may vary slightly between 80 and 120 K, and this
variation can affect the results for ¢ and T,. To get a
rough upper bound for the magnitude of these errors we
followed a procedure designed to grossly overestimate the
variation of the demagnetization correction. We assumed
that the difference between Hy, —Ho, and H3 —H,
changed between 0% at 120 K and 1% at 80 K, with a
linear dependence on T between these two temperatures.
The least-squares fits were then rerun with this demagnet-
ization correction using 7;’s between 80 and 110 K. Here,
the set of data corresponding to choice 1 was used. The
results for T, did not differ by more than 0.06 K from the
corresponding results without the assumed demagnetiza-
tion correction. The difference in the values for ¢ was al-
ways less than 0.004. We therefore conclude that the
neglect of the demagnetization correction had an insignifi-
cant effect on the results of the least-squares fits.

C. Discussion

The evidence that the PFF triple point for H||a is a LP
can be summarized as follows. (1) The phase diagram
near this point is similar to that near the corresponding
point for H ||b. The evidence that the latter point is a LP
is quite strong.>~7 (2) There is a close agreement between

the temperatures of the PFF triple points for H||a and

H||b, which suggests, again, that the character of the two
multicritical points is the same. (3) The qualitative shapes
of the phase boundaries agree with predictions for a LP.
(4) The crossover exponent ¢ is consistent with a LP. On
the other hand, neutron scattering data, which are crucial
for establishing the Lifshitz character of the multicritical
point, are still missing for the configuration f:I| |a. Thus,
there is no definitive evidence that the structure of the fan
phase for ﬁ| |a is indeed that of a fan. In addition, there
are no data which show that the propagation vector q in
this fan phase goes continuously to zero as the PFF point
is approached, which is required for a LP. Until such
data become available, the conclusion that the PFF triple
point for H||a is a LP should be regarded as very plausible
but still tentative.

_ The PFF triple points in the configurations I_-iHa and
H||b occur at very different values of the magnetic field,
but at the same temperature (120.7+0.4 and 121+1 K).
The factor-of-3 difference in the values of the magnetic
field at these points is related to the different anisotropies
for the a and b directions. The agreement of the two tem-
peratures can be explained in a natural way if one assumes
that both points are LP’s and that the effective exchange
constants of MnP depend on T but are independent of the
direction and magnitude of H. As mentioned in Sec. I,
competing exchange interactions can lead to a LP if the
ratios of the exchange constants satisfy certain require-
ments. In the simplest case of two exchange constants,
the ratio k=J,/J; should be equal to «;.'»® A mean-
field treatment of the more general case shows that the
Fourier transform J(kK) of the exchange interactions
should have certain properties at the LP (see, e.g., Ref. 5).
Thus, if the effective exchange constants of MnP depend
only on T then the condition for the occurrence of a LP
will be met at the same temperature for both H||a and
H||b. The situation for the configuration H||c is com-
pletely different because the ¢ component of H is the or-
dering field for the ferro phase.’ Finally we remark that
the observed H dependence of ¢ in the fan phase, when H
is parallel to b,*'* does not imply that the exchange con-
stants depend on H. The H dependence of g for fixed ex-
change constants was discussed theoretically by Enz*! and
by Nagamiya.®

VII. BOUNDARIES OF THE CONE PHASE

The cone phase is surrounded by two boundaries:
cone-ferro and cone-fan. The cone-ferro boundary is a
line of first-order transitions. The low-H portion of this
boundary was determined from TE measurements at vari-
ous fixed values of H,. The high-H portion of the boun-
dary was obtained from traces of the MS at various fixed
T’s. These measurements were performed on samples A2
and B. Figure 14 shows an example of the MS data. In
this example the magnitude of the change in the length at
the transition is 8//I ~1075, The results for the cone-
ferro phase boundary, and portions of the cone-fan and
ferro-fan phase boundaries, are shown in Fig. 15. The ap-
plied magnetic field in this figure is approximately 3.5%
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FIG. 14. Trace of the longitudinal MS near the ferro-cone
transition at 54.0 K.

higher than the internal field H.

The transition between the cone and fan phases was in-
vestigated by the differential susceptibility and MS tech-
niques. It was also observed in magnetization measure-
ments at 4.2 K. Figure 16 shows an example of the latter
data as well as the magnetization curves for the other two
principal crystallographic directions of MnP. For ﬁ||a
the magnetization curve in Fig. 16 indicates the existence
of two transitions: cone-fan at Hy~59 kOe and fan-para
at Hy~87 kOe (near the top of the trace). Both transi-
tions appear to be of second order. The magnetization
curves for H||b and H||c show the transitions mentioned
in Sec. I, which were studied in earlier works.>*!* Note
that the saturation moment for all three directions is the
same within the experimental accuracy. Its value is
84.3+2 emu/g, which corresponds .to 1.30+0.03 Bohr
magnetons per Mn atom.

Differential susceptibility data on sample A2 were con-
sistent with the interpretation that the cone-fan transition
at 4.2 K is of second order. However, the data at much
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FIG. 15. Phase boundaries near the cone-ferro-fan triple
point as obtained from MS and TE data on samples A2 and B.
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FIG. 16. Traces of the magnetization vs H, at 4.2 K for
fields applied parallel to the three principal crystallographic
directions.

higher temperatures did not give a clear indication of the
order of the transition. This uncertainty was not removed
by MS data which were taken on samples A2 and B. That
is, we were unable to determine whether there were small
discontinuities in the magnetization M and the sample’s
length / at the transition.

To resolve this difficulty a more detailed study of the ac
differential susceptibility was performed on sample Al,
with Hy aligned to within 0.1° from the a axis. In this
study the out-of-phase (quadrature) component of the sig-
nal was measured in addition to the in-phase component.
The quadrature component (which is sensitive to losses) is
expected to exhibit a sharp spike at a first-order transi-
tion, but not at a second-order transition. The reason is
the following. At a first-order transition, domains of two
dissimilar phases coexist. The ac modulation field causes
a motion of the domain walls. This motion is associated
with energy dissipation. Because this loss mechanism
occurs only in the narrow field interval in which the
domains coexist, the quadrature component versus H,
should have a sharp spike at the transition. At a second-
order transition the two phases are identical, and there are
no domains. Therefore, energy dissipation due to
domain-wall motion does not occur. These expectations
for the different behaviors of the quadrature component at
first- and second-order transitions were confirmed in mea-
surements near the ferro-fan and fan-para transitions.
The setup which was used to study the cone-fan transition
was the same.

Examples of the ac susceptibility data at several tem-
peratures are shown in Fig. 17. These data were taken at
a frequency f =45 Hz and a modulation amplitude of
~0.5 Oe. For this frequency the estimated skin depth at
T =4 K is 1.4 cm, which is 28 times the sample’s thick-
ness. [This is based on the resistivity ratio p(273 K)/p(4
K)=67 for this crystal,® and the known room-temperature
resistivity.'] At higher temperatures the skin depth
should be larger. Thus the phase of the oscillating mag-
netic field inside the sample should be very nearly the
same as that of the applied modulation field. All the
curves in Fig. 17 (both for the in-phase and the quadrature
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FIG. 17. Recorder traces of the in-phase and quadrature
components of the ac susceptibility of sample A1 at various tem-
peratures. All traces were obtained with the same gain.

components) were obtained with the same gain.

At 6 K the in-phase component shows a rapid decrease
near the cone-fan transition at Hy=58 kOe. The quadra-
ture component also shows a small change, but it does not
exhibit a spike. The reason for the change in the quadra-
ture component is not known. (It might have been caused
by a small error in the phase setting of the lock-in ampli-
fier used to detect the imbalance signal of the ac bridge.
No change in the quadrature component at the cone-fan
transition was observed at 200 Hz.) It is noteworthy that
the in-phase component at 6 K exhibits some structure
below the cone-fan transition. It consists of a well-defined
peak near 4 kOe and two small broad peaks at higher
fields. The peak at 4 kOe will be discussed in Sec. VIIL.
The origin of the remaining structure is unclear, but its
existence suggests that the evolution of the cone phase
with increasing H, may involve several broad stages.
Measurements with higher modulation frequencies, at
T =6 K, confirmed the existence of the structure in the
in-phase component below the cone-fan transition.

At 25 K the in-phase component does not exhibit a dis-
tinct structure below the cone-fan transition, except for
the peak at low H, which will be discussed later. At the
cone-fan transition the in-phase component has a small
peak which is followed by a rapid decrease. The small
peak may be interpreted in two ways. (1) It is a peak asso-
ciated with a second-order transition. It arises because the
critical fluctuations at 25 K are stronger than at 6 K. (2)
It is a small spike associated with a small discontinuity in
the magnetization, in which case the transition is weakly

first order. The existence of a small peak in the quadra-
ture component suggests that the latter interpretation is
correct. At 35 K the situation is similar except that the
peaks in both the in-phase and quadrature components are
slightly larger.

The traces at 48 K show that the peaks in the in-phase
and quadrature components at the cone-fan transition
continue to grow. The additional small peak (in both
components) near 27 kOe is due to the ferro-cone transi-
tion which now appears because the temperature is higher
than T,. Note that at 48 K the quadrature peak at the
cone-fan transition is larger than the peak in the in-phase
component. (The vertical scale for both components is the
same.) Thus, the peak in the quadrature component can-
not be attributed to a small error in the setting of the
phase of the lock-in amplifier. Note also that the quadra-
ture signal is nearly constant at fields just above the peak,
whereas the in-phase component decreases rapidly. This
indicates that the error in the phase setting, if any, is
small. The traces at 53 K show similar features at the
cone-fan transition, but the peaks at the ferro-cone transi-
tion (near 38 kOe) are much larger than at 48 K. The last
feature is probably due to the fact that the ferro-cone
phase boundary is more nearly parallel to the T axis at 53
K than at 48 K (see Fig. 15). This makes the transition at
53 K (observed at a fixed T') sharper than at 48 K.

The peak in the quadrature component at the cone-fan
transition was observed at all temperatures above about 15
K. This suggests that at these temperatures the transition
is of first order. Further evidence for this conclusion
comes from the frequency dependence of the peaks for the
in-phase and quadrature component. The frequency
dependence was studied in the range 45 < f <2000 Hz us-
ing roughly the same modulation amplitude (~0.5 Oe).
The results showed that both the in-phase and quadrature
peaks at the cone-fan transitions above ~ 15 K decreased
rapidly in magnitude as f increased. (This statement
refers to the peaks in X’ and X", i.e., the usual dependence
of the output on frequency and modulation amplitude was
corrected for.) A similar decrease of the peaks with in-
creasing f was also observed at the ferro-cone and ferro-
fan transitions, which are of first order. In contrast, the A
peak for the in-phase component at the fan-para transition
(second order) did not show an appreciable dependence on
frequency. The same insensitivity of the in-phase signal
to frequency was observed generally, except for the peaks
at the first-order transitions. The frequency dependence
at the first-order transitions probably arose because the
domain walls were unable to follow the ac modulation
field when the frequency became high.

On the basis of the preceding data we believe that the
cone-fan transitions above approximately 15 K are weakly
first order. Well below 15 K the transitions are either of
second order (in which case there exists a tricritical point
on the cone-fan boundary) or are very weakly first order.

VIII. LOW-FIELD ANOMALY

In this section we discuss some observations which ap-
pear to be due to sample imperfections.
Figure 17 shows that the ac susceptibility of sample Al
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exhibits an anomaly in fields of several kOe. For
T <T,=46 K the anomaly appears as a peak in both the
in-phase and quadrature components. This resembles a
first-order transition. Above T, the in-phase component
decreases rapidly between Hy=0 and Hy~5 kOe. The
latter behavior is also seen in Fig. 10.

An extensive study of the low-field anomaly was made
using the MS technique. Samples A2 and B were used.
Below T,, the anomaly appeared as a jump &/ in the
length of the sample. An example is shown in Fig. 18.
This behavior resembled a first-order transition. Howev-
er, several observations indicated that this ‘“‘transition”
was not an intrinsic property of MnP in the configuration
ﬁl |a. First, the magnitude of the jump 8/// in sample B
was an order of magnitude smaller than that in sample
A2. For example, at 4.2 K, 8//1 =4x107° for sample
A2, but only 0.5% 10~° for sample B. This sample depen-
dence should be contrasted with the behavior near the
cone-ferro and ferro-fan transitions for which 6/// was
the same for both samples. Another feature of the low-
field anomaly which is inconsistent with an intrinsic tran-
sition is the large width of the anomaly in Fig. 18,
AHy~5 kOe. If one equates this width to N,AM, where
AM is the jump in the magnetization and N,~5, one ob-
tains a value for AM which is twice the saturation mag-
netization of MnP. This, of course, is impossible. A close
examination of the magnetization curve of sample A2 at
4.2 K shows that AM is, in fact, only ~ 1% of the satura-
tion magnetization. Finally we note that the low-field
anomaly in the ac susceptibility (Fig. 17) persists at tem-
peratures above T,, where the magnetic order is fer-
romagnetic and no low-field anomaly is expected when H
is parallel to the hard direction.

An explanation of the low-field anomaly can be given
on the basis of the following assumptions. (1) Each of our
samples contained small crystallites which were misorient-
ed relative to the bulk of the sample. These misoriented
crystallites will be referred to as MCR’s. (2) The ¢ axis
for a substantial portion of the MCR’s was within 60° or
so from the a axis of the main portion of the sample. (3)
The volume fraction occupied by the MCR’s was of order
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1% for samples A1 and A2, but was an order of magni-
tude smaller for sample B.

It is known that below T,, a screw-ferro transition
occurs at low fields when H is parallel to the ¢ axis (see,
e.g., Fig. 16). This transition also occurs when H makes a
finite angle 6 with the ¢ axis. For 0°<8<60° and
T << T, the internal magnetic field at the transition is in
the range 2—4 kOe (see Fig. 9 of Ref. 10). We attribute
the low-field anomaly below T, to a screw-ferro transition
in the MCR’s. This explanation is supported by the fol-
lowing facts. (i) The magnitude and temperature depen-
dence of the applied field at which the low-field anomaly
starts agree with the known properties of the screw-ferro
transition for small 6’s. (ii) For a given sample the width
AH, of the low-field anomaly is independent of T below
T,. This is expected for a fixed distribution of MCR’s,
each with a fixed demagnetizing factor N, because the
jump AM at the screw-ferro transition is nearly indepen-
dent of T. (For small 8’s, AM is approximately equal to
the saturation magnetization of MnP.) We also note that
the width AHy~5 kOe for sample A2 is consistent with
either a single MCR for which N~10, or with a distribu-
tion of MCR’s with various 0’s and N’s. The width AH,
in sample B was smaller than in sample A2. (iii) Measure-
ments of the MS near the screw-ferro transition at 4.2 K,
performed with H parallel to the ¢ axis, showed a pattern
which was very similar to that in Fig. 18. The main
difference was that the jump 8/// =80% 10~® was much
larger than in Fig. 18. This is expected because the signal
in Fig. 18 arises from only a small portion of the sample,
whereas for f—ii |c the signal involves the bulk of the sam-
ple.

The assumption that MCR’s exist in our samples also
leads to a natural explanation of the low-field behavior of
the ac susceptibility above T, (Figs. 10 and 17). When a
magnetic field is applied it aligns the ferromagnetic mo-
ment of the MCR’s, because in each MCR there is a sub-
stantial field component along the easy-magnetization
axis. Once the moments in the MCR’s become aligned,
the ac susceptibility drops. This occurs at a field of
several kQe.

It must be emphasized that the low-field anomalies as-
sociated with the MCR’s did not affect the results for the
phase transitions which were intrinsic to the configuration
ﬁ[[a. The intrinsic phase transition occurred at much
higher fields, and were sample independent. The results
of our previous work, for the configuration I--ilib,3 also
were not affected by the MCR’s. The MCR’s were not
detected in our previous work.

IX. SUGGESTIONS FOR FURTHER STUDIES

The present work is only a step toward understanding
the magnetic phases and magnetic transitions of MnP in
the configuration ﬁ[ |a. Further studies are necessary to
clarify several remaining problems. (1) The structures of
the fan and cone phases are still to be confirmed by neu-
tron scattering techniques. (2) The variation of the propa-
gation vector q in the fan phase and in the cone phase
should be studied using neutron diffraction. In particular,
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it is important to determine whether, in the fan phase, ¢
approaches zero continuously as the PFF triple point is
approached. This property is an essential feature of a LP.
Assuming that g does go continuously to zero, the ex-
ponent 3, which governs the approach to zero on the
fan-para boundary should be measured and compared
with predictions for the LP.»1%33 (3) More detailed stud-
ies of the cone-fan transition are necessary in order to
determine the order of the transition at low temperatures.
(4) The low-field anomaly should be studied in different
MnP crystals. If our explanation of the anomaly is
correct then the anomaly should not be observed in crys-
tals of the highest quality. (5) Theoretical calculations
concerning the cone structure in MnP, and the cone-fan
transition, are needed. A mean-field calculation for the

Hiyamizu-Nagamiya model'® (or for a simplified version
of this model’) will be an important first step in this direc-
tion.
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